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Pigeons were trained to discriminate 5.0 mg/kg pentobarbital from saline under a two-key concur-
rent fixed-ratio 10 fixed-ratio 40 schedule of food presentation, in which the fixed-ratio component
with the lower response requirement was programmed to reinforce responding on one key after
drug administration (pentobarbital-biased key) and on the other key after saline administration
(saline-biased key). After responding stabilized, pigeons averaged 98% of their responses on the
pentobarbital-biased key during training sessions preceded by pentobarbital, and they averaged 90%
of their responses on the saline-biased key during training sessions preceded by saline. In test sessions
preceded by doses of pentobarbital, chlordiazepoxide, or ethanol, pigeons switched from responding
on the saline-biased key at low doses to responding on the pentobarbital-biased key at higher doses
(the dose-response curve was quantal). High doses of phencyclidine produced responding on both
keys, whereas pigeons responded almost exclusively on the saline-biased key after all doses of meth-
amphetamine. These and previous experiments using concurrent reinforcement schedules to study
drug discrimination illustrate that the schedule of reinforcement is an important determinant of the
shape of dose—effect curves in drug-discrimination experiments.
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There has been considerable disagreement
among drug-discrimination researchers as to
whether drug discrimination is a continuous
variable or a discrete one (Colpaert, 1985,
1991; Holloway & Gauvin, 1989; Mathis &
Emmett-Oglesby, 1990; Stolerman, 1991). For
example, Colpaert (1991) argued that the re-
lationship between a drug stimulus and a re-
sponse is an “all-or-nothing” relationship
(usually referred to as a quantal response,
which is measured on a nominal scale). In
contrast, Holloway and Gauvin and Stoler-
man have suggested that whether the drug
discrimination is graded or quantal depends
on the conditions under which the experi-
ment is conducted. One of the most impor-
tant of these conditions is the schedule of re-
inforcement.

Most drug-discrimination research has em-
ployed fixed-ratio (FR) schedules to maintain
responding. Responses on one operandum
are reinforced after drug administration and
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on another after saline administration (Col-
paert, 1986; Overton, 1984). Holloway and
Gauvin (1989) and Stolerman (1991) have
presented evidence that the schedule of re-
inforcement can be a determinant of the
shape of dose-response curves in drug-dis-
crimination generalization experiments. Hol-
loway and Gauvin suggested that schedules
that maximize reinforcer delivery when re-
sponses are confined to one alternative (e.g.,
simple FR schedules) generate quantal re-
sponding on one operandum, whereas sched-
ules that maximize reinforcer delivery when
animals distribute their responses across al-
ternatives generate a graded distribution of
responses across these alternatives. During
drug-discrimination training, responses on
the drug-paired operandum are reinforced
exclusively in the presence of the training
drug and responses on the other operandum
are reinforced only in its absence. It is pos-
sible that this all-or-nothing relationship be-
tween the presence or absence of the drug
and the delivery of the reinforcer during
training sessions may influence the shape of
the drug-discrimination generalization curve
regardless of the schedule under which the
reinforcer is delivered (Colpaert, 1985, 1987;
Mathis & Emmett-Oglesby, 1990).

To determine the role of the schedule of
reinforcement in drug-discrimination exper-
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iments, we have compared responding main-
tained by fixed-interval (FI) schedules, with
responding maintained by FR schedules
(Massey, McMillan, & Wessinger, 1992; Mc-
Millan & Hardwick, 1996; Snodgrass & Mc-
Millan, 1991). In one study, rats were trained
to discriminate 10 mg/kg pentobarbital from
saline under a multiple FR 20 FI 180-s sched-
ule of food reinforcement. Under the FR
component of the multiple schedule, the
pentobarbital dose-response curve was char-
acterized by responding that was almost en-
tirely on the saline-paired key at low doses
and almost entirely on the drug-paired key
after higher doses (Snodgrass & McMillan,
1991). In contrast, the pentobarbital dose-re-
sponse curve under the FI component of the
schedule was characterized by graded re-
sponding, with an increasing proportion of
responses occurring on the drug key as the
dose increased in individual animals. These
results were replicated using a different train-
ing drug (5.0 mg/kg morphine), different FI
and FR reinforcement schedules, and a dif-
ferent species (pigeons) (Massey et al., 1992).
At the low FR values used by Snodgrass and
McMillan, reinforcer delivery occurred at
much shorter intervals than occurred under
the FI component of the multiple schedule;
however, the study by Massey et al. suggested
that this difference in reinforcement frequen-
cy under FR and FI schedules was not a major
determinant of the shape of the generaliza-
tion curve. In this study, the frequency of re-
inforcer delivery was approximately equal un-
der the FI and FR schedules, yet the
difference in the pattern of responding main-
tained by the schedules persisted. More re-
cently, McMillan and Hardwick (1996) sys-
tematically manipulated the size of the FR
and FI components of a multiple schedule in
pigeons trained to discriminate 5.0 mg/kg
pentobarbital from saline. Under FI schedule
components, the pentobarbital dose-re-
sponse curve was continuous across a wide
range of FI values. Under the FR compo-
nents, responding was quantal with lower FR
requirements, but appeared to become con-
tinuous as the size of the FR requirement in-
creased to a point at which ratio strain was
apparent.

Snodgrass and McMillan (1991) suggested
that drug-discrimination experiments could
be viewed as choice behavior. During train-
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ing, subjects have a choice between two op-
eranda. If responding on one operandum de-
livers the reinforcer under an FR schedule
while responding on the other operandum is
never reinforced, the schedule can be viewed
as a concurrent FR extinction schedule with
responses on one operandum reinforced un-
der the FR component and responses on the
other extinguished. The discriminative stim-
ulus in the presence of which responses will
be reinforced under the FR schedule com-
ponent is determined by the presence or ab-
sence of the drug. Similarly, when drug-dis-
crimination responding is maintained under
an FI schedule, the schedule can be viewed
as a concurrent FI extinction schedule.

When stimulus control is strong, respond-
ing under concurrent FR extinction and con-
current FI extinction schedules would not
necessarily lead to very different predictions.
For example, under both FR and FI sched-
ules of reinforcement, low doses of the train-
ing drug might not produce discriminable
stimuli, and this would lead to responding
largely confined to the saline key, whereas
high doses of the training drug would be eas-
ily discriminable and would lead to respond-
ing on the drug key. At intermediate doses of
the training drug, however, the presence or
absence of the training stimulus may be am-
biguous, such that the schedule of reinforce-
ment becomes the dominant independent
variable determining the subject’s choice be-
havior. Recent studies by Davison and Jones
(1998) have suggested that responding under
concurrent variable-interval (VI) extinction
schedules is not exclusive to the VI alterna-
tive, especially if the discriminability of the
stimuli is less than perfect.

In choice experiments involving two oper-
anda, the relative distribution of responses
across the two alternatives often has been de-
scribed by the matching law (Herrnstein,
1970). According to the generalized match-
ing law (Baum, 1979), responding under con-
current interval schedules approximately
matches the relative rate of reinforcement of
these responses (Davison & McCarthy, 1988).
Under concurrent ratio schedules, reinforcer
frequency is maximized by confining re-
sponding exclusively to the operandum pro-
grammed to deliver the reinforcer under the
smaller of the two ratio values. Applying these
concepts to drug-discrimination procedures
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that use FR schedules, after saline the drug
stimulus is not present, so responding is con-
fined to the saline operandum. After the
training dose of a drug (and perhaps higher
doses) the drug stimulus is present and re-
sponding is confined to the drug operan-
dum. In both of these cases, the schedule can
be considered to be a concurrent FR extinc-
tion schedule. However, at some doses lower
than the training dose, the drug stimulus is
weaker than that produced by the training
dose. Under these conditions, responding
might be considered to be under the control
of a concurrent FR FR schedule, because the
drug stimulus may not provide the cue for
differential reinforcement on the two re-
sponse keys. Under concurrent FR FR sched-
ules, animals might be expected to confine
their responses to one of the two operanda
(Davison & McCarthy, 1988; Herrnstein &
Loveland, 1975). In contrast, under concur-
rent interval schedules animals might be ex-
pected to respond on both keys after admin-
istration of doses that produce weak stimulus
control. This might explain why drug-discrim-
ination responding maintained under an FR
schedule generates all-or-nothing dose-re-
sponse curves and drug discrimination under
FI schedules generates graded dose—-response
curves in drug substitution tests.

The preceding analysis is based on the un-
proved assumptions that in the middle of the
dose-response curve there is a loss of stimulus
control by the drug, which causes the re-
sponse pattern to come under greater control
by the reinforcement schedule. To determine
whether these explanations are plausible it
would be necessary to study drug discrimina-
tion under concurrent reinforcement sched-
ules. Snodgrass and McMillan (1996) trained
pigeons to discriminate the presence or ab-
sence of 5.0 mg/kg pentobarbital using a con-
current VI VI schedule. Under this schedule,
relative reinforcement contingencies were in
effect. When the training drug was adminis-
tered, responses on the pentobarbital-biased
key were reinforced more frequently than re-
sponses on the other key (saline-biased key).
When saline was administered, responses on
the saline-biased key were reinforced more fre-
quently than responses on the pentobarbital-
biased key. Under these conditions, increasing
doses of pentobarbital produced graded in-
creases in the percentage of responses on the
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pentobarbital-biased key. More recently, these
findings have been replicated using concur-
rent FI FI schedules in pigeons (McMillan, Li,
& Hardwick, 1997). The purpose of the pre-
sent series of experiments was to study drug
discrimination under concurrent FR FR
schedules. Responding under concurrent FR
FR schedules should result in responding con-
fined largely to one of the two response keys.
According to the hypothesis of Snodgrass and
McMillan (1996), under concurrent FR FR
schedules, the dose-response curve for the
training drug should be all or nothing, with
responding after low doses occurring primar-
ily on the saline-biased key with a shift to re-
sponding on the drug-biased key at higher
doses. Finally, the use of concurrent FR FR
schedules should provide evidence as to
whether all-or-nothing responding develops in
drug-discrimination experiments because re-
sponses on the drug key after vehicle admin-
istration never produce the reinforcer (Col-
paert, 1985), or because interval and ratio
schedules of reinforcement produce different
shapes of dose-response curves.

Pentobarbital was selected as the training
drug for these experiments so that the results
could be compared directly to our previous
experiments in which pentobarbital was es-
tablished as the discriminative stimulus under
concurrent schedules (McMillan et al., 1997,
Snodgrass & McMillan, 1996). Chlordiaz-
epoxide and ethanol were substituted for
pentobarbital in generalization tests because
these drugs have been reported to substitute
as a discriminative stimulus for pentobarbital
in drug-discrimination studies (Colpaert, Des-
medt, & Janssen, 1976). Methamphetamine
was chosen because it has not substituted for
pentobarbital as a discriminative stimulus,
and phencyclidine (PCP) was chosen because
it has substituted partially for pentobarbital in
drug-discrimination tests (McMillan & Hard-
wick, 1996).

METHOD
Subjects

Four adult male White Carneaux pigeons
(Palmetto Pigeon Plant), P339, P340, P341,
and P342, served as experimental subjects.
The pigeons were individually housed with
free access to food and water in a tempera-
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ture- and humidity-controlled room that was
maintained under a 12-hr normal phase light-
ing cycle. After 100% body weights were de-
termined over a 2-week period, the pigeons
were reduced to, and maintained at, approx-
imately 80% of these weights for the duration
of the study. Supplemental food was provided
after experimental sessions as necessary to
maintain the 80% body weights (range, 452
to 467 g). Bird 342 died the day after the
administration of the highest dose of meth-
amphetamine, so data for this bird are avail-
able only for the first pentobarbital dose—re-
sponse curve and for methamphetamine.

Apparatus

The experimental chamber was a Ger-
brands Model G5610-A pigeon test cage en-
closed in a Gerbrands Model G7211 sound-
and light-attenuating cubicle. Two 28-V DC
lights illuminated the experimental chamber
during the session except during a food cycle
when a light over the food hopper was illu-
minated. On the front panel of the cage,
three Gerbrands response keys (Model
G7311) were mounted 7 cm apart, 20 cm
above the grid floor. The center key was not
used in these experiments and remained
darkened at all times. When operative, the
left key was blue and the right key was yellow.
A food hopper (Gerbrands), through which
access to mixed grain could be given, was cen-
tered between the response keys at floor lev-
el. A microcomputer (Gateway 2000 Inc.), lo-
cated in a room adjacent to the room
containing the experimental chamber, con-
trolled the reinforcement schedule and re-
corded the data through a MED Associates®
interface.

Procedure

The pigeons were experimentally naive at
the beginning of the study. After they had
been reduced to 80% of their free-feeding
weights, they were trained to peck the two
response keys by an autoshaping procedure
for two sessions and then were placed under
an FR 1 schedule with only the blue (left) key
lighted. After the pigeon had earned 50 re-
inforcers within a 40-min session with the
blue key lighted, only the yellow (right) key
was lighted during the next session and the
FR 1 reinforcement schedule was in effect for
responses on the yellow key. After earning 50
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reinforcers within 40 min or less with the yel-
low key lighted, pigeons were exposed to a
reinforcement contingency in which the key
on which responses were reinforced under an
FR 10 schedule alternated after each rein-
forcer delivery. Under this schedule both the
left and right keys were transilluminated.
When the left key was active, completion of
10 responses (FR 10) on that key produced
reinforcement. Subsequently, when the right
key was active, an FR 10 requirement had to
be met on that key. This requirement of com-
pleting 10 responses on one key and then 10
responses on the other key continued until
the pigeon earned 25 reinforcers on each key
in one session. The purpose of this procedure
was to limit the development of position pref-
erences.

Discrimination training was initiated in the
next phase. Pigeons were trained to discrimi-
nate pentobarbital (5.0 mg/kg im) from saline
under a concurrent FR 10 FR 40 schedule of
reinforcement. Following an intramuscular in-
jection of 5.0 mg/kg pentobarbital or saline,
birds were placed in the test chamber and a
10-min presession period followed. During
this 10 min, the chamber lights were extin-
guished and key pecks were not recorded. At
the end of the presession period, the house-
lights were illuminated and the schedule con-
tingencies were initiated. During these dis-
crimination training sessions, both the left and
right keys were transilluminated, and a differ-
ent FR schedule was operative on each Kkey.
Completion of either of the FR requirements
resulted in delivery of the reinforcer (4-s ac-
cess to mixed grain). After administration of
the training drug, the FR 10 component was
programmed on the right key (yellow key)
and the FR 40 component was programmed
on the left key (blue key) for Birds P339 and
P340. After saline administration, the ratio
with the lower response requirement was pro-
grammed on the left key (blue key) and the
ratio with the higher response requirement
was programmed on the right key (yellow
key). For Birds P341 and P342, the reinforce-
ment contingencies after administration of the
training drug and saline were reversed. Train-
ing sessions continued until 50 reinforcers had
been delivered or 40 min had elapsed. Re-
sponding was maintained under these concur-
rent FR 10 FR 40 schedules for the duration
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of the study with the exception of control and
test sessions, which will be described later.

To prevent reinforcement of switching be-
tween keys (Catania, 1966), a changeover de-
lay (COD) of 3 s was imposed, such that a
response could not produce a reinforcer un-
less it occurred at least 3 s after the bird
switched to responding on the other key.
Training sessions were conducted 6 days per
week. During initial training, two drug train-
ing sessions were followed by two saline train-
ing sessions for 2 weeks, after which drug and
saline training sessions alternated.

Test sessions were interspersed with train-
ing sessions when the subjects reached the
training criterion: The pigeons had to com-
plete at least 51% of their responses on the
key paired with the FR 10 component for 20
consecutive training sessions (i.e., 10 each of
pentobarbital and saline). This criterion had
to be met for both pentobarbital and saline
administration prior to the initiation of sub-
stitution testing with other drug doses. This
criterion was reached by all birds after 55 ses-
sions of training. Subsequently, test sessions
during which other doses and drugs were ad-
ministered, instead of the training dose of
pentobarbital, were conducted on Tuesdays
and Fridays, with training sessions continuing
on other days. If a bird failed to reach crite-
rion performance (at least 51% responding
under the FR 10 component) on a training
day, test sessions were postponed until the cri-
terion had been met under both the pento-
barbital and saline training conditions.

The procedure used during test sessions
was similar to the procedure used during
training sessions, except that during test ses-
sions a concurrent FR 25 FR 25 schedule of
reinforcement was in effect. This FR 25 value
was chosen because it is intermediate be-
tween that of the FR 10 and the FR 40 sched-
ule values used during training sessions. Be-
cause the pigeons had not been exposed to
this reinforcement schedule during training
sessions, the concurrent FR 25 FR 25 sched-
ule was not likely to provide additional cues
as to which response would be reinforced
more frequently during test sessions. In ad-
dition to the other doses and other drugs that
were administered during test sessions, the
pentobarbital and saline training doses were
administered under the concurrent FR 25 FR
25 schedule prior to the determination of
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each dose-response curve and after the de-
termination of each dose-response curve.
These test sessions were intended to measure
the effect of the schedule change on the sta-
bility of the stimulus control of behavior un-
der baseline training conditions. Drug-substi-
tution tests were conducted in single test
sessions on different days for each dose for
each pigeon. All dose levels for a single drug
were studied before exposure to a different
drug. The order of testing was pentobarbital,
methamphetamine, chlordiazepoxide, etha-
nol, PCP, pentobarbital (replication), and
PCP (replication). The training and test ses-
sions were terminated after 50 reinforcers
had been delivered, or after 40 min, which-
ever occurred first.

Data Analysis

The number of CODs, the number of re-
sponses on each key, the time spent respond-
ing under each FR component, and the num-
ber of reinforcers earned under each
schedule component were recorded. From
these data, other measures could be derived.
One derived measure was the percentage of
responses on the pentobarbital-biased key.
The pentobarbital-biased key was defined as
the key associated with the FR 10 component
after the administration of pentobarbital dur-
ing the training sessions. The saline-biased
key was defined in the same manner as the
key associated with the FR 10 component af-
ter administration of saline during the train-
ing sessions. The percentage of responding
on the pentobarbital-biased key was derived
from dividing the number of responses emit-
ted on the pentobarbital-biased key by the to-
tal number of responses emitted on both keys
and converting the proportion to a percent-
age. A second measure was the percentage of
time allocated to responding on the pento-
barbital-biased key. A response on the pen-
tobarbital-biased key began the recording of
the accumulation of time until a response on
the saline-biased key switched the recording
of the accumulation of time to the other key.
The total time accumulated after responses
on the pentobarbital-biased key was divided
by the accumulated time spent responding
on both keys to calculate the percentage of
time spent responding on the pentobarbital-
biased key. The total number of responses on
a key was divided by the time spent respond-
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Table 1

Mean and standard deviation (in parentheses) of the number of reinforcers earned (out of
50) under the FR 40 component of the concurrent FR 10 FR 40 schedules during training
sessions after saline or pentobarbital administration for the first 35 sessions of training, the
next 20 sessions of stable baseline performance, and the 51 to 180 training sessions conducted
while drug substitution tests were being conducted.

Training sessions

Pigeon Treatment First 35 sessions Next 20 sessions During testing
P339 Saline 0.76 (1.09) 0.00 (0.00) 0.32 (1.06)
Pentobarbital 0.00 (0.00) 0.70 (1.61) 0.48 (2.79)
P340 Saline 3.88 (4.81) 4.80 (8.33) 1.88 (2.47)
Pentobarbital 0.06 (0.24) 0.00 (0.00) 0.61 (1.56)
P341 Saline 1.71 (5.81) 0.60 (1.58) 0.40 (1.65)
Pentobarbital 1.00 (3.39) 0.00 (0.00) 0.32 (0.84)
P342 Saline 1.06 (2.79) 0.80 (2.53) 0.15 (0.46)
Pentobarbital 0.47 (1.07) 0.00 (0.00) 0.29 (1.23)

ing on that key to calculate the rate of re-
sponding on the pentobarbital-biased key
and the saline-biased key. The sum of the
number of responses on the two keys was di-
vided by the total time spent responding on
the two keys to calculate the overall rate of
responding.

Drugs

Pentobarbital sodium (Sigma Chemical
Co.) at doses of 1.0, 3.0, 5.6, 7.8, 10.0, and
13.0 mg/kg (first determination of dose-re-
sponse effects) or 1.0, 1.8, 3.0, and 5.6 mg/
kg (second determination of dose-response
effects); PCP hydrochloride (HCIl) (National
Institute on Drug Abuse) at doses of 0.1, 0.3,
0.56, 0.78, 1.0, and 1.8 mg/kg (both deter-
minations of PCP effects); methamphetamine
HCI (Sigma Chemical Co.) at doses of 0.3,
1.0, 1.8, and 3.0 mg/kg; chlordiazepoxide
HCl (Hoffman-La Roche, Inc.) at doses of
1.0, 3.0, 5.6, 7.8, and 10.0 mg/kg; and etha-
nol at doses of 0.25, 0.5, 0.75, and 1.0 g/kg
were studied. All drugs except ethanol were
dissolved in 0.9% physiological saline to a
concentration allowing an injection volume
of 1 ml/kg and administered intramuscularly
into a breast muscle. Physiological saline was
used for vehicle control injections. Doses are
expressed as the salt forms of the drugs, ex-
cept for ethanol. Ethanol (100% wt/vol) was
diluted to a 10% wt/vol solution with tap wa-
ter. The 10% ethanol solution or tap water,
which was used as the vehicle control, was ad-
ministered through a rubber tube that passed
down the esophagus into the proventriculus

15 min prior to session initiation. As in train-
ing sessions, test session doses were adminis-
tered 10 min before the session and the pi-
geons were in the test chamber during the
10-min presession period.

RESULTS

The pigeons learned the pentobarbital dis-
crimination rapidly, and within a few training
sessions under the concurrent FR 10 FR 40
schedule confined most of their responses to
the key on which responses were reinforced
under the FR 10 component. Table 1 shows
that during the first 35 training sessions, the
birds earned most of the 50 reinforcers avail-
able by responding on the FR 10 component
of the schedule; however, all birds earned
some reinforcers under the FR 40 compo-
nent. Only Bird P339 averaged less than one
reinforcer per session under the FR 40 com-
ponent after both saline and pentobarbital
during this period. All other birds averaged
more than one reinforcer per session under
the FR 40 component after pentobarbital or
saline.

During the final 20 sessions before drug-
substitution tests were conducted, all pigeons
earned less than one reinforcer per session
for responding under the FR 40 component
with one exception. Bird P340 earned an av-
erage of 4.8 reinforcers per session for re-
sponding under the FR 40 component after
saline administration. The final column of Ta-
ble 1 shows that even during the 11 months
during which drug-substitution tests were
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Table 2
Mean percentages of responses, reinforcers earned, and time (in seconds) spent responding
on the pentobarbital-biased key; mean response rates under each component of the concur-
rent FR 10 FR 40 schedule; and the mean number of changeover delays (CODs) per session
for each pigeon in the last 10 training sessions with pentobarbital and 10 training sessions
with saline before the beginning of test sessions.
Training Pentobarbital-biased percentage Responses per second
condition Pigeon Responses  Reinforcers Time FR 10 FR 40 CODs
Pentobarbital P339 95 99 96 3.21 3.62 1
P340 100 100 100 2.11 0.00 0
P341 99 100 99 2.45 5.00 2
P342 98 100 98 2.29 0.75 1
Saline P339 1 0 2 2.60 1.20 3
P340 29 10 36 2.39 1.49 10
P341 5 1 6 2.02 1.26 2
P342 6 2 7 2.42 2.15 6

conducted, all birds occasionally continued
to receive reinforcers for responding under
the FR 40 component. Across birds and train-
ing conditions, about 0.5 reinforcers per ses-
sion were delivered under the FR 40 com-
ponent, which is about one reinforcer every
two training sessions. Thus, throughout these
experiments, although most reinforcers were
earned for responding on the key on which
responses were reinforced under the FR 10
component of the schedule, some reinforcers
were earned during training sessions for re-
sponding under the FR 40 component of the
schedule for all birds during all phases of the
experiments.

Table 2 shows more detailed data from the
20 training sessions (10 after saline and 10
after pentobarbital) that occurred immedi-
ately preceding the determination of dose—
effect curves in the drug-substitution tests. Af-
ter pentobarbital administration, pigeons
averaged 95% to 100% of their responses on
the pentobarbital-biased key, averaged 99%
to 100% of their reinforcers following re-
sponses on the pentobarbital-biased key, and
allotted 96% to 100% of their time to re-
sponding on the pentobarbital-biased key.
These birds rarely switched keys after pento-
barbital administration, so mean CODs
ranged from zero to two per session. Rates of
responding under the FR 10 schedule after
pentobarbital administration averaged from
2.11 to 3.21 responses per second. Rates of
responding under the FR 40 component were
highly variable, ranging from 0.75 to 5.00 re-
sponses per second in birds that responded

under this component. Although 3 of the 4
birds made some responses under the FR 40
component, only Bird P339 responded
enough to produce the reinforcer under this
component during the 10 sessions after pen-
tobarbital administration.

After saline administration the pigeons av-
eraged 71% to 99% of their responses on the
saline-biased key, averaged 90% to 100% of
their reinforcers by responding on this key,
and allotted 64% to 98% of their time re-
sponding on this key. Although the number
of CODs remained low, it was higher for most
birds for the saline training sessions than for
the pentobarbital training sessions, which is
consistent with the birds earning some rein-
forcers under the FR 40 component of the
schedule. Rates of responding under the FR
10 component of the schedule during these
training sessions were similar to those during
the pentobarbital training sessions. Rates of
responding under the FR 10 component av-
eraged between 2.02 and 2.60 responses per
second. Thus, the pigeons responded largely
on the key on which responses were rein-
forced under the FR 10 component of the
concurrent schedule during training sessions
after the administration of both pentobarbital
and saline; however, some responding did oc-
cur on the other key, and occasionally re-
sponses were reinforced under the FR 40
component.

Figure 1 shows the effects of increasing
doses of pentobarbital on the percentage of
responses on the pentobarbital-biased Kkey.
Changing the schedule from concurrent FR
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Fig. 1. The dose-response curve for the effects of pentobarbital on the percentage of responses on the key on

which responses were reinforced under the FR 10 component of the concurrent FR 10 FR 40 schedule after pento-
barbital administration during training for Birds P339, P340, P341, P342, and the group mean. Abscissa: dose (mg/
kg) of pentobarbital, log scale. Ordinates: percentage of responses on pentobarbital-biased key. Brackets at T show
+ standard deviation around the mean based on the data obtained during training sessions. Brackets at C show *
standard deviation around the mean based on the control sessions in which the schedule was changed to concurrent
FR 25 FR 25, which was the schedule used during determination of the dose-response curves. The filled circles show
the pentobarbital dose-response curve. The filled triangles and squares above T and C show the effects of 5.0 mg/
kg pentobarbital used during training and control sessions. The open triangles and squares above T and C show the
effects of saline injections during training and control sessions.

10 FR 40 to concurrent FR 25 FR 25 had little
effect on stimulus control exerted by the
presence or absence of the training dose of
pentobarbital, as shown by comparing the
means for training sessions with the data in
the control test sessions under concurrent FR
25 FR 25 (Figure 1).

When the pentobarbital generalization

curve was determined for Birds P339, P340,
and P341, responses were largely confined to
the saline-biased key at doses of 1.0 and 3.0
mg/kg. At 5.6 mg/kg pentobarbital, all birds
switched almost completely from responding
on the saline-biased key to responding on the
pentobarbital-biased key. Bird P342 respond-
ed slightly more frequently on the pentobar-
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bital-biased key after the 1.0 and 3.0 mg/kg
doses occurred during saline training ses-
sions, although most responses still occurred
on the saline-biased key. However, this bird
also switched almost completely to respond-
ing on the pentobarbital-biased key after 5.6
mg/kg and higher doses of pentobarbital.
Thus, after the low doses of pentobarbital all
birds responded on the pentobarbital-biased
key at the same low rates seen during training
sessions after saline administration. At higher
doses of pentobarbital all birds responded on
the pentobarbital-biased key at the same high
percentages seen during training sessions af-
ter administration of the pentobarbital train-
ing dose. This switch from responding on the
saline-biased key to responding on the pen-
tobarbital-biased key as the dose of pentobar-
bital increased occurred without the appear-
ance of points on the dose-response curve
that were intermediate between performanc-
es during saline and pentobarbital control
sessions. This switch from responding on the
saline-biased key to responding on the pen-
tobarbital-biased key resulted in a steep dose—
response curve without intermediate points.
The dose-response curves for time allotted
to responding on the pentobarbital-biased
key are almost identical to the curves for the
percentage of responses on the pentobarbi-
tal-biased key after pentobarbital administra-
tion that were shown in Figure 1 (data not
shown). These dose-response curves shifted
from saline- to pentobarbital-like responding
without intermediate points on the dose-re-
sponse curve, especially for Birds P339, P340,
and P341. The dose-response curves for the
percentage of reinforcers earned for re-
sponding on the pentobarbital-biased key
also were almost identical to those for per-
centage of time spent responding on the pen-
tobarbital-biased key (data not shown).
Table 3 shows the data on CODs and rates
of responding (averaged across both keys) for
all drugs. For pentobarbital, the 13 mg/kg
dose increased CODs for Birds P339 and
P341. Doses of 3 mg/kg and higher de-
creased CODs for P340. With the exception
of the 7.8 mg/kg dose of pentobarbital for
Bird P342, the frequencies of CODs after all
other doses of pentobarbital were similar to
those observed after saline administration.
Pentobarbital decreased response rates only
for Bird P339 after the highest dose. There
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was a tendency for all birds to show small in-
creases in rates of responding at doses in the
middle of the dose-response curve.

Figure 2 shows the effects of chlordiaz-
epoxide on responding on the pentobarbital-
biased key. All birds responded on the saline-
biased key at rates similar to those seen
during saline training sessions after the 1.0
mg/kg dose of chlordiazepoxide. Bird P341
switched to the pentobarbital key after the 3.0
mg/kg dose, and Birds P339 and P340
switched after the 5.6 mg/kg dose. The switch
from the saline-biased key to the pentobar-
bital-biased key typically occurred without in-
termediate points on the dose—effect curve.
All data points for the percentage of time
spent responding on the pentobarbital-biased
key and the percentage of reinforcers earned
for responding on the pentobarbital-biased
key were almost perfectly superimposed over
the points for the percentage of responses on
the pentobarbital-biased key (data not
shown).

Table 3 shows the effects of increasing dos-
es of chlordiazepoxide on CODs and overall
rates of responding. The number of CODs
increased slightly after the 7.8 mg/kg dose of
chlordiazepoxide for Bird P340 and after the
5.6 and 10 mg/kg doses for Bird P341. Oth-
erwise, CODs were not much affected by
changes in the dose of chlordiazepoxide.
Chlordiazepoxide had little effect on overall
rates of responding.

Figure 3 shows the effects of increasing
doses of ethanol on responding on the pen-
tobarbital-biased key. After the 0.25 g/kg
dose, all birds responded almost exclusively
on the saline-biased key. Birds P339 and P341
shifted to responding primarily on the pen-
tobarbital-biased key after the 0.5 g/kg dose,
and Bird P340 shifted after the 1.0 g/kg dose.
Even at the higher doses of ethanol, respond-
ing by P341 did not quite reach the same lev-
el of responding on the pentobarbital-biased
key that occurred during pentobarbital train-
ing sessions and control sessions, as had oc-
curred for the other 2 birds. As with pento-
barbital and chlordiazepoxide, the ethanol
dose-response curve was characterized by a
switch from responding on the saline-biased
key to responding on the pentobarbital-bi-
ased key without intermediate points on the
dose-response curve.

Table 3 shows the dose-response data for
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Table 3

Effects of drugs on changeover delays (CODs or key switches) and overall response rates for
individual pigeons from single test sessions under the concurrent FR 25 FR 25 schedule. The
0.0 mg/kg tests were preceded by administration of the drug’s vehicle.

Number of CODs

Responses per second

Dose
Drug (mg/kg) P339 P340  P341 P342 P339 P340 P341 P342
Pentobarbital 0.0 5 17 2 16 2.22 1.69 1.83 1.87
1.0 2 15 3 20 2.67 1.78 1.84 1.87
3.0 6 1 0 11 2.48 1.78 2.02 1.89
5.6 0 0 7 11 3.82 2.02 2.47 1.61
7.8 0 1 0 4 2.54 1.86 2.43 2.28
10.0 0 0 2 13 2.53 1.89 2.54 1.97
13.0 44 0 33 11 0.59 2.09 1.98 1.90
Chlordiazepoxide 0.0 10 12 4 — 1.97 1.81 1.92 —
1.0 4 5 7 — 2.22 1.88 2.00 —
3.0 3 5 5 — 1.96 1.84 2.03 —
5.6 9 12 13 — 2.17 1.90 1.75 —
7.8 2 20 3 — 2.25 1.81 1.97 —
10.0 9 9 10 — 1.80 2.15 1.50 —
Ethanol® 0.0 3 6 0 — 2.35 1.82 1.91 —
0.25 1 0 0 — 2.50 2.33 2.09 —
0.5 3 2 12 — 2.14 2.19 2.07 —
0.75 1 0 7 — 2.48 2.13 2.18 —
1.0 4 3 11 — 2.01 1.60 1.81 —
Phencyclidine 0.0 8 10 2 — 2.28 2.07 2.06 —
0.1 16 5 0 — 2.43 1.71 1.71 —
0.3 39 6 0 — 2.85 2.41 1.81 —
0.56 32 0 0 — 1.57 2.07 1.91 —
0.78 2 9 4 — 1.89 1.92 2.49 —
1.0 13 11 — — 1.39 1.83 — —
1.8 17 45 — — 0.38 0.61 — —
Phencyclidine 0.0 — 14 4 — — 1.87 2.10 —
(replication) 0.1 — 6 5 — — 2.41 2.57 —
0.3 — 4 0 — — 2.04 3.00 —
0.56 — 4 2 — — 2.06 2.14 —
0.78 — 21 5 — — 1.92 2.30 —
1.0 — 10 — — — 1.90 — —
1.8 — 26 — — — 1.30 — —
Methamphetamine 0.0 7 9 0 5 2.15 1.77 2.02 1.82
0.3 8 6 0 0 2.32 1.91 2.12 1.78
1.0 15 2 0 0 2.18 1.92 2.13 1.69
1.8 0 7 1 — 2.04 1.66 2.16 —
3.0 10 9 0 0¢ 1.88 1.71 1.70 1.39
Pentobarbital 0.0 6 11 7 — 2.55 1.74 2.30 —
(replication) 1.0 14 4 0 — 2.20 1.98 2.22 —
1.8 2 7 5 — 2.31 1.98 1.83 —
3.0 3 1 3 — 2.51 1.92 2.41 —
5.6 0 0 0 — 2.75 2.08 3.60 —

2 Signifies not tested.
b kg dose.
¢ Bird 342 died after the testing of this dose.

the effects of ethanol on CODs and overall
response rates. Bird P341 showed small in-
creases in the frequency of CODs after 0.5
and 1.0 g/kg doses. The frequency of CODs
was slightly decreased by some doses of eth-
anol in the other 2 birds. Ethanol had little
effect on overall rates of responding.

Figure 4 shows the effects of PCP on re-
sponding on the pentobarbital-biased key. All
birds responded largely on the saline-biased
key after doses from 0.1 mg/kg to 0.78 mg/
kg (filled points, first determination). Birds
P339 and P340 made slightly more than 50%
of their responses on the pentobarbital-bi-
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Fig. 2. The dose-response curve for the effects of chlordiazepoxide on the percentage of responses on the key
on which responses were reinforced under the FR 10 component of the concurrent FR 10 FR 40 schedule after
pentobarbital administration during training sessions. Abscissa: dose (mg/kg) of chlordiazepoxide, log scale. Ordi-
nates: percentage of responding on pentobarbital-biased key. Other details are as in Figure 1.

ased key after the 1.0 and 1.8 mg/kg doses
of PCP, although the dose-response curve for
Bird P340 turned over at the highest dose.
Bird P341 responded almost exclusively on
the saline-biased key at all doses of PCP when
responding occurred. Because of the individ-
ual differences and irregularity of these dose—
effect curves, the PCP curves for Birds P340
and P341 were redetermined. This time Bird
P341 showed partial generalization to the
pentobarbital training stimulus and P340 did
not.

Table 3 shows the effects of PCP on the
number of CODs and the overall rate of re-
sponding on the two keys. PCP produced
small increases in the number of CODs, es-
pecially during the first determination of the
dose-response curve for Birds P339 and
P340. Doses of 1.0 and 1.8 mg/kg decreased

the rate of responding by Bird P339, and the
1.8 mg/kg dose also decreased the rate of re-
sponding by Bird P340.

Figure 5 shows the effects of increasing
doses of methamphetamine on responding
on the pentobarbital-biased key. None of the
pigeons responded more frequently on the
pentobarbital-biased key than occurred dur-
ing saline control sessions at any dose of
methamphetamine.

Table 3 shows the effects of methamphet-
amine on the number of CODs and the over-
all rate of responding. Methamphetamine did
not produce consistent effects on the number
of CODs. The highest dose of methamphet-
amine studied (3.0 mg/kg) produced small
decreases in rates of responding by most
birds.

After completion of the experiments in
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Fig. 3. The dose-response curve for the effects of ethanol on the percentage of responses on the key on which

responses were reinforced under the FR 10 component of the concurrent FR 10 FR 40 after pentobarbital adminis-
tration during training sessions. Abscissa: dose (g/kg) of ethanol, log scale. Ordinates: percentage of responding on
pentobarbital-biased key. Brackets at W represent * standard deviation around the tap water control mean (open
circles), which is based on four observations after tap water was administered down the esophagus into the proven-

triculus. Other details are as in Figure 1.

which other drugs were substituted for the
training dose of pentobarbital were complet-
ed, the pentobarbital dose-response curve
was redetermined. The effects of pentobar-
bital on responding on the pentobarbital-bi-
ased key (Figure 6) were very similar to its
effects the first time that this dose-response
curve was determined (Figure 1). All birds
shifted from responding predominantly on
the saline-biased key after low doses of pen-
tobarbital to responding predominantly on
the pentobarbital-biased key after higher dos-
es of pentobarbital. The switch from respond-
ing on the saline-biased key to responding on
the pentobarbital-biased key occurred at 3.0
mg/kg pentobarbital for Birds P339 and P340
and at 5.6 mg/kg pentobarbital for P34l

without intermediate points on the dose-re-
sponse curve. The effects of pentobarbital on
CODs was also very similar to the effects ob-
tained during the initial dose-response de-
termination (Table 3).

There was a difference in control perfor-
mance associated with the initial pentobar-
bital dose-response curve and the redeter-
mination of this curve. During training
sessions under concurrent FR 10 FR 40 and
control sessions under concurrent FR 25 FR
25 associated with the first determination of
the pentobarbital dose-response curve, the
percentage of responses on the pentobarbi-
tal-biased key was very similar under the con-
current FR 10 FR 40 schedule and the con-
current FR 25 FR 25 schedule. When the
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Fig. 4. The dose-response curve for the effects of PCP on the percentage of responses on the key on which
responses were reinforced under the FR 10 component of the concurrent FR 10 FR 40 schedule after pentobarbital
administration during training sessions. The filled circles show the first determination of the PCP dose-response
curve, and the open circles show the redetermination of the dose-response curve. Abscissa: dose (mg/kg) of PCP,
log scale. Ordinates: percentage of responding on pentobarbital-biased key. Other details are as in Figure 1.

pentobarbital dose-response curve was re-
determined, more responding occurred on
the pentobarbital-biased key after saline ad-
ministration under the concurrent FR 25 FR
25 schedule than under the FR 10 FR 40
schedule. This difference in control perfor-
mance under the concurrent FR 10 FR 40
and the concurrent FR 25 FR 25 schedules
was not observed after pentobarbital admin-
istration.

DISCUSSION

Pigeons rapidly learned to discriminate 5.0
mg/kg pentobarbital from saline under a
concurrent FR 10 FR 40 schedule of food pre-
sentation, as shown by the high proportion of
responses made on the response key associ-

ated with the FR 10 component of the con-
current schedule after administration of both
saline and training doses of pentobarbital. Al-
though the discrimination was learned rap-
idly, during training the birds sometimes did
complete 40 or more responses on the key
on which the FR 40 schedule was in effect
and received reinforcers for responding on
this key. Reinforcers also were delivered oc-
casionally for responding on the FR 40 com-
ponent of the schedule even after extended
training. Thus, all pigeons received reinforc-
ers following responses on both components
of the concurrent schedule during early
training sessions and when responding had
stabilized, although the percentage of rein-
forcers delivered during training sessions for
responding under the FR 10 component of
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Fig. 5. The dose-response curve for the effects of methamphetamine on the percentage of responses on the key
on which responses were reinforced under the FR 10 component of the concurrent FR 10 FR 40 schedule after
pentobarbital administration during training sessions. Abscissa: dose (mg/kg) of methamphetamine, log scale. Or-
dinates: percentage of responding on pentobarbital-biased key. Other details are as in Figure 1.

the concurrent schedule was much higher
than that under the FR 40 component.
Changing the schedule of reinforcement
during test sessions did not disrupt stimulus
control by the presence or absence of the
training drug, although there is some indi-
cation that with repeated exposure to the
concurrent FR 25 FR 25 schedule following
the administration of saline there was a slight
increase in the percentage of responses on
the pentobarbital-biased key. For example,
when saline was given in association with the
first determination of the pentobarbital

dose-response curve, the percentage of re-
sponses on the pentobarbital-biased key was
very similar under concurrent FR 10 FR 40
and concurrent FR 25 FR 25. In later drug
tests, more responding occurred on the pen-
tobarbital-biased key after saline administra-
tion when the schedule was concurrent FR 25
FR 25 than when the schedule was concur-
rent FR 10 FR 40 (Figure 6). These data sug-
gest that with repeated exposure to testing
under concurrent FR 25 FR 25, the schedule
change was beginning to change the pattern
of responding on the two keys during test ses-



DRUG DISCRIMINATION AND CONCURRENT FR SCHEDULES

201

PENTOBARBITAL
(2nd Determination)

P339
100 wm
80 -
o 60 -
4
2
b 407
<
0 20 S
-
L
[
o 0 T T 1
x TC10 18 30 56
m
o
-
4
w
a P341
z
S 100~ v
[72]
&
L 80 -
e
7 60 —
w
['4
X 40 1
20 -
0 ? L | | T 1
TC10 18 30 56
DOSE (MG/KG)

P340
100 =
80 4 Y
60 -
40 %
20 +
0 ? 1 ] I 1 §
TC10 18 30 56
Group Mean
100 . |
80
60 -
40 -
0] 0
0 Y L T T 1
TC10 18 3.0 56
DOSE (MG/KG)

Fig. 6. The dose-response curve for the redetermination of the effects of pentobarbital on the percentage of
responses on the key on which responses were reinforced on the FR 10 component of the concurrent FR 10 FR 40
schedule after pentobarbital administration during training sessions. Abscissa: dose (mg/kg) of pentobarbital, log
scale. Ordinates: percentage of responding on the pentobarbital-biased key. Other details are as in Figure 1.

sions. If this effect became more pronounced
with repeated test sessions under concurrent
FR 25 FR 25, it might explain why more re-
sponding occurred on the pentobarbital-bi-
ased key after low doses of pentobarbital the
second time that the dose-response curve
was determined than the first time the dose—
response curve was determined. Why this ef-
fect occurred after saline and low doses of
pentobarbital, but not after the training dose
and higher doses of pentobarbital, is not
known. Nevertheless, the presence or ab-
sence of pentobarbital exerted strong stimu-
lus control throughout the experiment, de-
spite this small increase in responding on the
pentobarbital-biased key when saline or low
doses of pentobarbital were administered be-
fore test sessions.

In the present experiments, the pentobar-
bital dose-response curves were quantal in
shape. Low doses of pentobarbital produced
responding that was not different from that
during saline training sessions. As the dose of
pentobarbital increased, there was little
change until a dose was reached at which re-
sponding occurred at near maximal levels on
the pentobarbital-biased key. This produced
an all-ornothing dose-response curve rather
than a graded dose—effect curve.

This research has a number of implications.
First, pigeons can be trained to discriminate
pentobarbital from saline under the relative
reinforcement contingencies of concurrent
FR FR schedules. This adds to the generality
of previous findings that pigeons can learn
drug discriminations under the relative rein-
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forcement contingencies provided by concur-
rent VI VI schedules (Snodgrass & McMillan,
1996) and concurrent FI FI schedules (Mc-
Millan et al., 1997).

Second, these data show that quantal re-
sponding can occur under conditions of rel-
ative reinforcement. Colpaert (1991) and
Mathis and Emmett-Oglesby (1990) have sug-
gested that quantal responding occurs in
drug-discrimination studies because respons-
es on the drug key are reinforced only in the
presence of the training drug and responses
on the saline key are reinforced only in the
absence of the training drug. These FR and
extinction contingencies could be the basis
for the quantal dose-response curves ob-
served in many drug-discrimination experi-
ments. In the present experiments, responses
on the key with the higher FR value were re-
inforced occasionally during training sessions
conducted after both pentobarbital and sa-
line administration, yet quantal dose-re-
sponse curves were obtained. Thus the pres-
ent experiments suggest that the extinction
of responses that occur on the “incorrect”
key during training is not a necessary condi-
tion for quantal responding to develop. Con-
versely, the extinction of responses on the in-
correct key does not assure that quantal
responding will develop, as shown by the
graded pattern of responding that develops
under concurrent FI extinction schedules
(Massey et al., 1992).

We now have collected a considerable
amount of data that suggests that the sched-
ule of reinforcement is an important deter-
minant of the shape of the dose—effect curve
in drug-discrimination studies. When animals
have been trained using interval schedules on
the key on which responses are reinforced,
interval schedules generate graded dose—ef-
fect curves. We have shown this to be true
using FI schedules in pigeons and rats (Mas-
sey et al., 1992; Snodgrass & McMillan, 1991).
These effects have been confirmed with sim-
ple FI schedules (Massey et al., 1992), with
the FI component of a multiple schedule
(McMillan & Hardwick, 1996; Snodgrass &
McMillan, 1991), and with concurrent inter-
val schedules (McMillan et al., 1997; Snod-
grass & McMillan, 1996). The effects appear
to be independent of FI size (McMillan &
Hardwick, 1996). They occur under both FI
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and VI schedules (Massey et al., 1992; Snod-
grass & McMillan, 1991, 1996).

Conversely, when animals have been
trained using FR schedules on the key on
which responses are reinforced, quantal
dose-response curves are generated. These
effects have been observed in pigeons and
rats with both simple FR schedules and the
FR component of a multiple schedule (Mas-
sey et al., 1992; Snodgrass & McMillan, 1991;
and a host of experiments in the literature
using simple FR schedules) and across a
range of ratio sizes, although there is some
tendency for ratios with very high response
requirements to generate responding that is
more ‘“‘interval like” (McMillan & Hardwick,
1996). The effects have been observed under
simple FR schedules (Massey et al., 1992), the
FR component of a multiple schedule (Mc-
Millan & Hardwick, 1996; Snodgrass & Mc-
Millan, 1991), second-order FR schedules
(McMillan, Cole-Fullenwider, Hardwick, &
Wenger, 1982), and now with concurrent FR
schedules. The importance of this finding is
that it is the schedule of reinforcement that
appears to control the shape of the drug-dis-
crimination dose-response curve, rather than
some inherent property of drug stimuli.
Clearly, drug stimuli can be varied quantita-
tively, and animals are sensitive to these vari-
ations in stimulus intensity as shown by their
ability to discriminate between different dos-
es of the same drug (Colpaert & Janssen,
1982; Young, Walton, & Perkins, 1989). How-
ever, whether the animal’s behavior in the
usual two-choice drug-discrimination proce-
dure is controlled by these variations in the
intensity of the drug stimulus to produce
graded responding, or is controlled by the
presence or absence of the drug stimulus
above some threshold intensity to produce
quantal responding, depends largely on the
schedule of reinforcement. Under ratio
schedules, quantal responding is likely to oc-
cur with the switch from responding on the
saline-biased key to responding on the drug-
biased key occurring above a threshold dose.
Under interval schedules, graded responding
occurs and the degree to which the animal
responds on the drug key is a joint function
of the stimulus intensity and the reinforce-
ment schedule. This explanation seems to
have wide generality in situations in which
the subject is trained to discriminate drug
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from saline. Whether it also applies when the
discrimination is between two drugs, or be-
tween two doses of the same drug, remains
to be determined.

How can exceptions to this “rule” be ex-
plained? For example, McMillan et al. (1982)
used second-order FR schedules to study PCP
discrimination in pigeons. As would be ex-
pected from the previous discussion, most
dose-response curves were quantal; however,
one of the eight curves was graded rather
than quantal. It is possible that the intensity
of the drug stimulus can wax and wane, or
that the subject’s attention to the drug stim-
ulus can increase and decrease, while the an-
imal is responding under FR schedules.
These are only speculations that might ex-
plain graded responding under FR schedules,
and there is no evidence that such mecha-
nisms actually contribute to the development
of graded dose-response curves under FR
schedules.

When other drugs were substituted for
pentobarbital, they produced effects similar
to those reported under simple FR schedules.
Chlordiazepoxide and ethanol generalized to
pentobarbital as expected, based on reports
of the similarity of the discriminative stimulus
properties of barbiturates, benzodiazepines,
and ethanol (De Vry & Slangen, 1986; Grech
& Balster, 1993; Jarbe & McMillan, 1983; Ov-
erton, 1966). As predicted, the shape of the
dose—effect curves for ethanol and chlordi-
azepoxide was quantal in the present studies.
Methamphetamine did not generalize to pen-
tobarbital, which is similar to the findings of
others with amphetamines and barbiturates
(Witkin, Carter, & Dykstra, 1980). PCP
showed partial generalization to pentobarbi-
tal in that at some doses of PCP more than
50% of the responding occurred on the pen-
tobarbital-biased key, which is similar to our
previous observations (McMillan, 1982; Snod-
grass & McMillan, 1991). These data suggest
that the concurrent FR FR schedule gener-
ates PCP discrimination data that are similar
to PCP data obtained under other FR sched-
ules. However, other than extending our hy-
pothesis that FR schedules generate quantal
dose-response curves in drug-discrimination
experiments, the concurrent FR FR schedule
appears to offer few advantages over simple
schedules that would recommend its routine
use in drug-discrimination research.
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The partial generalization of the pentobar-
bital stimulus to PCP is intriguing. After low
doses of PCP, responding was largely con-
fined to the saline-biased key, but after higher
doses, responding occurred on both keys, al-
though the effects were not consistent across
replications in the same bird. Thus, respond-
ing on the pentobarbital-biased key never
reached the levels seen after the administra-
tion of the training dose of pentobarbital.
One explanation for this finding could be
that PCP produces a stimulus that is only
somewhat like that of pentobarbital, and the
“intermediate responding” is a reflection of
this partial similarity. A related possibility is
that this intermediate responding represents
the asymptote of a quantal dose-response
curve for PCP that does not reach the same
maximum seen with pentobarbital, because
PCP cannot substitute completely for pento-
barbital. According to this view, mixed re-
sponding on the two keys would represent
the limited efficacy of PCP as a pentobarbital-
like stimulus. Colpaert (1991) has suggested
that mixed responding on the drug key and
saline key after PCP administration in rats
trained to discriminate fentanyl from saline
results from a loss of stimulus control over
responding, which is another possible expla-
nation of the current results. Our data do not
permit us to select among these and other
alternative explanations for the partial gen-
eralization observed after PCP administra-
tion.
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